Increasing costs associated with inorganic fertilizer have led to widespread use of broiler litter.
INTRODUCTION
The fouling of the nation's surface water supply through rain runoff on land treated with residual waste (e.g. manure, biosolids, etc.) has led to decreases in overall available fresh water (Sharpley et al. ; Kistemann et al. ; Pote et al. ) . Runoff of nutrients and microbial constituents has led to eutrophication of freshwater sources and unnecessary burdens on drinking water supply purification (USEPA ). A recent survey of the nation's water supplies determined that nearly 50% of the surveyed rivers and streams were polluted and virtually unusable (USEPA ). Common pollutants ranged from nitrogen and phosphorus to pathogens and pathogen indicators (USEPA ). These were the first and third most common contaminants, respectively, and were thought to have resulted from nearby agricultural practices. The US Environmental Protection Agency (USEPA) estimates that the cost of treatment alone of 1 million gallons of water is approximately $300 (USEPA ); however, additional surface water fouling (sediment, known microbial contamination, etc.) can add additional costs to public water works which tend to be passed onto the consumers. 11 CFU plot À1 (10 15 CFU ha À1 ) which was two orders of magnitude greater than control plots. Many studies of this kind tend to focus exclusively on E. coli; however, the current study focused on a number of bacterial parameters to accomplish its objectives.
The current study had two objectives: (1) to quantify the runoff release of fecal indicator bacteria from litter-applied plots compared to non-applied plots; (2) to determine the effects of (a) litter at (high) N-and (low) P-based loading rates; and (b) application of AlCl 3 -treated litter to reduce runoff bacterial losses. AlCl 3 has been demonstrated to reduce P solubility and reduce NH 3 emissions from poultry litter when applied as a litter treatment (Do et al. ) ;
while P-rate-based litter applications are thought to reduce nutrient load and hence runoff. It was expected that the two mitigation methods would also reduce bacterial runoff over standard N-rate applications.
MATERIALS AND METHODS

Experimental design
The two main study objectives and sub-objectives were addressed on an experimental runoff field with plots devoted to sub-objectives 2a (high and low litter rate) and 2b (AlCl 3 ). Runoff was collected at the edge of each plot, where trays were placed at a flat level relative to the slope of the plots (∼2-3%) and were placed in-line to the plots such that a portion of the berm was removed to accommodate the opening of the tray (runoff collector). Collectors were protected from inadvertent drops of water by stainless steel covers. Runoff was directed to two 2-L steam-sterilized polypropylene bottles (10-and 100-fold dilution rate bottles) via stainless steel dividers. The bottle catching runoff at the 10-fold and 100-fold dilution rates would then represent plot runoff at 1/10 and 1/100 of the total runoff, respectively.
Rarely was rain runoff generated such that runoff would be collected in the 100-fold dilution rate bottle. Total rain runoff (runoff load) for the plot was calculated as
where TR ¼ total runoff per plot (mL), BV ¼ bottle volume respectively. Prior to membrane filtration, C. perfringens samples were heat shocked at 70 W C for 10 min. Anaerobic conditions for C. perfringens were established using an Anoxomat gas generation system (Mart Microbiology; Lichtenvoorde, The Netherlands) using the default anaerobic gas mixture and setting. C. perfringens presumptive positive samples were further confirmed by exposing colonies to NH 4 OH fumes and noting a pink to fuchsia colony color; positive colonies were then streak isolated to 5% sheep blood agar and noted for a double zone of hemolysis.
Soil and poultry litter samples were subjected to similar assays. Soil samples from each plot were collected at two time points, the week prior to litter application and following completion of all rain events. Soil and litter were first diluted by addition of 10 g (moist) of the sample to 95 mL of sterile physiological saline (0.85% NaCl) and blended for for each microbial assay, thus:
Equation (3) was used to determine the microbial runoff release rate (%) from plots receiving the N treatment:
where PMR N and PMR C are the mean PMRs for the N and C plot treatments, respectively, and SC is the microbial con- 
RESULTS AND DISCUSSION
Poultry litter and soil
Poultry litter bacterial levels were measured prior to land application (Table 1) . Only enterococci appeared to be negatively affected by the addition of AlCl 3 (which produces an exothermic reaction which reduces the matrix pH to 3-4);
however, a bench-scale study in which treatments were repeated, demonstrated a reduction of greater than 4 log 10 for all measured bacteria including the spore-forming 
Plot microbial runoff (PMR) -effect of rain events and treatment
The effect of rain events and treatments on bacterial rain runoff is shown in Figures 2 and 3 , respectively. In general, all treatments demonstrated their peak runoff during the first two runoff events with decreases following thereafter, particularly from plots which received poultry litter. Table 2 shows microbial runoff release/recovery as a percentage of microbes applied in litter, or present in soil, for each runoff event, since soil cannot be discounted as a source.
These data also suggested that peak losses occurred during the first two rain events (days 1-14) with percentage releases reaching their peak during that time. This held true for C. perfringens and staphylococci (Table 2) ; however, following manure land application, which would be analogous to the current study's first three rain events (1-21 d) .
Both studies demonstrated a drop of one order of magnitude for C. perfringens, and an increase in enterococci and TT E. coli runoff loads following the first three rain events, despite the differences in timing.
Treatment effects (e.g. litter vs. no litter) were only evident during early rain events, as shown in Figure 3 .
Microbial runoff from plots receiving N-based poultry litter decreased from a peak at the first two rain events for HPCs, staphylococci, TT E. coli, enterococci, and C. perfringens (1.44 × 10 11 , 2.32 × 10 10 , 4.33 × 10 6 , 2.30 × 10 7 , and 4.43 × 10 5 ) to the final rain event (5.34 × 10 10 , 1.63 × 10 9 ,
1.34 × 10 7 , 2.44 × 10 7 , and 1.52 × 10 3 ), respectively. These levels were significantly greater than for C and F plots, as would be expected. HPCs, staphylococci, and C. perfringens were released in larger runoff concentrations when litter was applied at either the N-or P-based rates compared with C and F treatments. No differences were noted between the N and P rates, a finding supported by the previous study (Brooks et al. ) . This contradicts findings for runoff total P or N which have been shown to be correlated to manure rates (Shroeder et al. ) . This is most likely due to greater Attributed to litter (%)
Clostridium perfringens 
CONCLUSIONS
The land application of manures is a beneficial practice, recapturing macronutrients, water, and organic matter.
However, there are potential problems associated with the practice, particularly with rain-associated runoff of nutrients and microbial contaminants such as pathogenic and fecal bacteria. The purpose of this study was to measure the amount of microbial runoff associated with litter plots applied with treatments meant to limit nutrient losses. Sufficient microbial runoff from all plots was generated with all litter treatments associated with higher levels of microbial runoff, even following three rain events. It also appeared that microbial runoff was not necessarily associated with time following application, but rather with rain events. C. perfringens and staphylococci may prove to be suitable for tracking microbial runoff to poultry litter, at least more so than more traditional indicators such as enterococci and TT E. coli. Their use may warrant more investigation, and likewise warrant further studies to find a suitable indicator. The two approaches meant to mitigate nutrient runoff proved to be relatively fruitless with regards to microbial runoff. It appears that while the application of litter at lower P-based rates, while useful from a water quality-and soil-P basis, did not reduce bacterial counts in runoff. Likewise the use of AlCl 3 , a common approach to chemically treat litter to reduce P solubility, only affected some microbial constituents, though not consistently or significantly. Thus far grass buffers, litter storage, and composting, and soil incorporation appear to be the most useful approaches to reducing litter-borne microbial runoff.
